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Different tissues have specific mechanical properties and cells of different geometries, such as elongated 
muscle cells and polygonal endothelial cells, which are precisely regulated during embryo development. 
However, the mechanisms that underlie these processes are not clear. Here, we built an in vitro model to 
mimic the cellular microenvironment of muscle by combining both mechanical stretch and geometrical 
control. We found that mechanical stretch was a key factor that determined the optimal geometry of 
myoblast C2C12 cells under stretch, whereas vascular endothelial cells and fibroblasts had no such 
dependency. We presented the first experimental evidence that can explain why myoblasts are destined to 
take the elongated geometry so as to survive and maintain parallel actin filaments along the stretching 
direction. The study is not only meaningful for the research on myogenesis but also has potential application 
in regenerative medicine. 



A core question in developmental biology is how cell shape is regulated during tissue morphogenesis. There 
are different types of cells in different tissues and the specific cell shapes are closely related to their 
functions. For example, epithelial or endothelial cells are polygonal and have complex cell-cell junctions 
forming a continuous sheet that functions as a barrier and allows for selective transportation. Neurons have 
radiated shapes with dendrites and axons that form neural networks transmitting electrical and biochemical 
signals. Muscle cells have elongated shapes forming muscle fibers that transmit mechanical force. However, little 
is known why muscle cells would take such unique shapes among dozens of possible choices. 

In recent years, extracellular microenvironment has been reported to play important roles in regulating the 
functions of the cells. For example, substrate stiffness can influence the focal adhesion, cytoskeleton assembly, 
spreading and differentiation of the cells \ Cells can also sense the topography or geometry of the substrate and 
align their major axes by contact guidance^ ^ and change their cytoskeleton alignment^, traction force^ prolif- 
eration^'^ or differential potential^. Mechanical force is an important factor that regulates embryo development 
and tissue morphogenesis, especially in musculoskeletal tissues^'^°. For in vitro experiments, elastic membranes 
were used in many models to mimic mechanical stretch to the cells^^"^^. While being stretched on elastic 
membranes along uniaxial direction, the cells would change their shapes and align their major axes and actin 
filaments (F-actin) perpendicular to the direction of stretch^^"^\ The shapes with major axes parallel to the 
direction of stretch were thought to be unstable based on the in vitro studies on smooth muscle cells, endothelial 
and epithelial cells^^"^\ However, questions arise when we think of the in vivo natural shapes of muscle cells^^, 
which actually have elongated shapes and experience mechanical stretch along their major axes. They also have 
stable F-actin along the stretching direction, which cannot be well explained by current in vitro experimental and 
theoretical models. We hypothesize that, in addition to genetic and biochemical regulation, physical factors 
including cell geometry and mechanical stretch also play an active role during myogenesis. 

The techniques of soft lithography make it possible to manipulate single cells in vitro^^. In this article, we built an 
in vitro model by patterning single myoblast C2C12 cells (muscle progenitor cells), along with human umbilical 
vascular endothelial cells (HUVECs) and NIH 3T3 fibroblasts for comparison, to different rectangular geometries 
and applied mechanical stretch along their major axes to mimic the mechanical microenvironment of muscle cells 
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in vivo. A stretching system was developed to image the real-time 
dynamics of single actin filaments in living cells during stretchings^. 

Results 

Patterning single cells on the stretching device. The stretching 
device was manufactured as reported before^^ (Figure 1, A-B). The 
method for patterning single cells on the elastic polydimethylsi- 
loxane (PDMS) membrane of the device was modified from 
Nelson et al (2003)'^ and Mayer et al (2004)"' (Figure 1, C). We 
chose the areas from 500 to 4000 |im", after examining the spreading 
areas of the three types of cells (C2C12, HUVEC and 3T3) without 
confinement on PDMS membranes (see Supplementary Figure SI 
and Table SI online). Using agarose gel stamp and microcontact 
printing, we got stable single- cell patterning on PDMS membranes 
(Figure 1, D and Supplementary Figure S2 online). We referred to 
"40 |im X 50 jam" as "40 X 50", and so on hereafter. It was hard for 
HUVEC and 3T3 cells to occupy the whole area of 10 X 400, which 
were not included in the data analysis. 

Geometrical control of cell viability under stretch. The cells were 
cultured in the stretching device overnight and then used for 
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Figure 1 | Top (A) and side (B) views of the stretching device. Single cells 
were confined in specific geometries on the elastic membranes (white 
dashed rectangle) by microcontact printing using agarose stamp (C). 
Fibronectin (FN, green) was used to promote cell adhesion and Pluronic 
F127 was used as the blocking molecule. Single C2C12 cells of 2000 |am^ 
(40 X 50, 20 X 100 and 10 X 200) were successfiiUy confined in different 
shapes (blue, nuclear stained by DAPI; red, F-actin stained by Rhodamine 
Phalloidin) (D). The entire list of the geometries of C2C12 cells can be 
found as Supplementary Figure S2 online. 



experiment. Propidium iodide was added to the culture medium 
for detecting dead cells. All the cells were monitored for at least 
10 min before stretching and we didn't find any cell death in all 
the experiments. After 10 min of cyclic uniaxial mechanical 
stretch, almost all the HUVECs on all the geometries survived 
(Figure 2, A). The 3T3 cells on most of the geometries survived, 
except those of 40 X 75 and 40 X 100 with the survival ratio of 
around 60% (Figure 2, B). Fiowever, it was very interesting that the 
viability of C2C12 cells under stretch was highly dependent on 
geometry (Figure 2, C): 

( 1 ) The C2C 1 2 cells of 1 0 jam width had the highest viability, inde- 
pendent on spreading areas; 

(2) Given the same areas, the thinner C2C12 cells had higher viab- 
ility than the wider ones; 

(3) Given the same widths, the smaller cells had higher viability 
than the larger ones. 

As actin cytoskeleton is the main cellular architecture responsible 
for transducing mechanical forces^^, we next investigated the possible 
role of F-actin in this geometrical dependence of viability. We chose 
the shape of 40 X 100, which had the lowest viability for C2C12 cells 
under stretch. Blebbistatin (50 |iM) was added to the culture med- 
ium to inhibit myosin II and lower the tension of cytoskeleton during 
stretch, which rescued about half of the C2C12 cells from death 
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Figure 2 | Single cells of the three types were patterned in the rectangular 
geometries listed in Supplementary Table SI and stretched for 10 min. 

Almost all the HUVECs survived the stretch (A). Most of the 3T3 cells 
maintained good viability, except those with the width of 40 |am and areas 
larger than 2000 |am^ (B). The viability of C2C12 cells were highly 
dependent on their geometries (C): almost all the C2C12 cells of 10 |am 
width survived stretch; given the same areas, thinner cells had higher 
viability; given the same widths of 20 or 40 |am, smaller cells had higher 
viability. Reducing the tension of actin cytoskeleton by blebbistatin or Cyto 
D rescued the C2C12 cells of 40 X 100 (D). The black, grey and white bars 
represent the geometries of 10, 20 and 40-|am widths respectively. * and **, 
significant difference (*, P < 0.05; **, P < 0.01) between groups; # and ##, 
significant difference (#, P < 0.05; ##, P < 0.01) from DMSO. 
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(Figure 2, D). By disassembling F-actin with cytochalasin D (Cyto D, 
1 |iM), which stayed in the culture medium during the stretching 
experiments, we further increased the survival ratio to above 80% 
(Figure 2, D). The results indicated that actin cytoskeleton played a 
key role in the geometrical regulation of cell viability under mech- 
anical stretch. To investigate how actin cytoskeleton responds to cell 
geometry and mechanical stretch, we next used confocal microscopy 
to image the real-time F-actin dynamics of single C2C12 cells under 
stretch. 

Cell area, not the length of F-actin, determines the stability of 
peripheral F-actin of C2C12 cells under stretch. We chose the 
geometries of smaller areas: 500, 1000 and 2000 |im^ for real-time 
F-actin study because of the higher viability of C2C12 cells on these 
geometries (Figure 2, C). The C2C12 cells were transiently 
transfected with the plasmid that encodes Lifeact-mcherry^^'^^ and 
the F-actin would be labeled with mcherry. The positive cells were 
sorted by flow cytometry and used for experiments. As reported 
before, we found that F-actin alignment was dependent on the cell 
geometry in static conditions'*. In the rectangular cells of different 
geometries, there were peripheral thick F-actin bundles along the 
longest sides of the rectangles and thin F-actin fibers in the center, 
which were referred to as "peripheral F-actin" and "central F-actin" 
respectively (Figure 3, A). As actin cytoskeleton has a three- 
dimensional (3D) architecture in the cell body^^"^\ the definition 
of "peripheral F-actin" and "central F-actin" here was based on 
two-dimensional (2D) view of the celP°'^^. The states of F-actin 
were classified into two groups: intact F-actin, which had 
continuous and tensioned morphology; broken F-actin, which was 
broken into pieces and disassembled by parallel stretch (Figure 3, B). 
Dozens of cells were counted for calculating the ratios of the cells 
with intact F-actin (Figure 3 and Supplementary Table S2 online). 
For the control study, we captured the images of the cells at least 
10 min before stretch and found no obvious change of F-actin. 



We first examined the dynamics of peripheral F-actin of C2C12 
cells under stretch. The cells of the same lengths were compared on 
the stability of peripheral F-actin after stretch. The cells with intact 
peripheral F-actin after stretch were counted for analysis. In each 
group with the length of 50 or 100 jim, the peripheral F-actin of the 
thinner cells had higher stability than those of the wider ones 
(Figure 3, C), although the cells in each group had the similar lengths 
of F-actin. The result indicates that it is cell area, not the length of F- 
actin, that determines the mechanical properties of actin filaments. 
There may be different molecular components of the actin stress 
fibers in the cells of different areas. 

Cell shape guides central F-actin reassembly of C2C12 cells under 
stretch. The central F-actin was classified into two groups: parallel 
central F-actin, having the angle with stretching direction less than 
45°; perpendicular central F-actin having the angle larger than 45°. In 
the C2C12 cells with the widths of 20 and 40 |im, most of the parallel 
central actin filaments were broken and disassembled; there were 
stable perpendicular central actin filaments after stretch (Figure 3, 
D and E). This result is consistent with the published reports that 
uniaxial mechanical stretch induces actin filaments to reassemble 
and align along the perpendicular direction *^"^\ 

It was very interesting that there was new parallel central F-actin 
assembly in the C2C12 cells of 10 X 100 (25%, 14 of 57 cells) 
(Figure 3, E). The regulating role of cell geometry on cytoskeleton 
under stretch is well illustrated in the C2C12 cells of 10 X 100 and 20 
X 50 (Figure 4 and Supplementary Figure S3 online). Although they 
have the same area, different cell shapes lead to different F-actin 
alignments. This result cannot be well explained by current experi- 
ment models or theories*^"^\ but it is consistent with the in vivo 
natural shapes of muscle cells^^. 

Discussion 

We found that myoblast C2C12 cells were more sensitive to geo- 
metries than endothelial cells (HUVECs) or fibroblasts NIH 3T3 




F-actin 



central 
F-actin 



stretch 



rh \ 



100 |um 



before stretch 



C peripheral F-actin 
60 



a>45° 



after stretch 




D perpendicular central F-actin E parallel central F-actin 



a<45° 




Figure 3 | F-actin (red) alignment of C2C12 cells with different geometries (A). There are two types of actin filaments: peripheral and central F-actin (A). 
After stretch, the actin filaments of some cells were broken into pieces and disassembled (B). The percentage of the cells that had intact actin 
filaments after stretch was calculated: (C), peripheral F-actin; (D) perpendicular central F-actin; (E), parallel central F-actin. "a" is defined as the angle 
between central F-actin and stretching direction. Parallel central F-actin has the angle a < 45°; perpendicular central F-actin has the angle a > 45°. 
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Figure 4 | Real-time F-actin (red, Lifeact-mcherry) dynamics of the 
C2C12 cells of 10 X 100 and 20 X 50 under stretch. The newly formed 
central F-actin in the C2C12 cell of 10 X 100 aligned parallel to stretching 
direction (arrowhead); however the new central F-actin of the C2C12 cells 
of 20 X 50 aligned perpendicular to stretching direction (arrow). See 
Supplementary Figure S3 online for more examples. 

considering cellular viability under mechanical stretch (Figure 2, A- 
C). Among all the geometries tested in the experiments, the thinnest 
lO-jim wide ones rendered C2C12 cells highest viability, which is 
consistent with the natural shapes of muscle cells^^. 

It was very interesting that HUVECs and 3T3 fibroblasts didn't 
have such geometrical effect under stretch. They had higher viability 
than C2C12 cells even with the spreading area of 4000 jim^ (Figure 2, 
A-C). However, in a similar study about geometrical control of cell 
growth without mechanical stimuli, capillary endothelial cells grew 
better on larger spreading areas, but underwent apoptosis on smaller 
ones^. The both results confirm the idea that microenvironment 
plays important roles in regulating cellular activities^ l Different tis- 
sues have different physical and biochemical microenvironments 
and the cells of them have specific cytoskeleton architectures and 
regulatory mechanisms. In this regard, it is quite understandable that 
HUVECs didn't show such geometrical effect under stretch. One 
possible reason for HUVECs survival under stretch might be vas- 
cular endothelial growth factor (VEGF). VEGF is a survival factor for 
vascular endothelial cells both in vivo and in vitro. It is needed for the 
in vitro culture of vascular endothelial cells^^"^^. Mechanical stimuli 
and VEGF are closely related in vascular endothelial cells. 
Mechanical stimuli, such as cyclic stretch and shear stress, can upre- 
gulate VEGF and VEGF receptor 2 expression of vascular endothelial 
cells, and can protect endothelial cells from apoptosis through VEGF 
pathway. Knocking down VEGF or Blocking VEGF receptor led to 
increased apoptosis of HUVECs under shear stress^^'^^. VEGF might 
also play an important role as a survival factor in the stretching 
experiment, as it does under flow shear stress^^, forming a positive 
feedback loop between vascular endothelial cells and mechanical 
stimuli. On the other hand, vascular endothelial cells mainly experi- 
ence flow shear stress, hydraulic pressure and small mechanical 
strain, and they also need a larger spreading area to form the inner 
lining of blood vessels. They have advanced cell-cell junctions and 
cell -extracellular matrix connections which mediate most of the 
mechanical forces. However there is no cell-cell junction in the 



single-cell experiments, which might be one of the reasons why 
endothelial cells didn't respond to cell geometry and mechanical 
stretch in our system. On the contrary, mechanical stretch is the 
main physical factor in muscle tissues and cytoplasmic actin fila- 
ments are the main structures that transduce external mechanical 
stretch and produce force by the specialized actin-myosin architec- 
ture in muscle cells, which makes them highly sensitive to stretch. 
After adding blebbistatin or Cyto D to reduce the tension of actin 
stress fibers or completely disassemble actin filaments, the viability of 
wider C2C12 cells increased and the geometrical dependence tended 
to disappear (Figure 2, D). This confirms that actin cytoskeleton is a 
key factor that mediates the geometrical dependence on mechanical 
stretch. 

Inhibition of intracellular actomyosin tension by blebbistatin or 
Cyto D has been reported to induce the disassembly of actin fila- 
ments and focal adhesions and block cell proliferation^^'^^. However, 
this effect of actomyosin tension on cell proliferation can be reversed 
by modulating extracellular physical microenvironment. By modu- 
lating the extracellular matrix stiffness, Mih et al. found that blebbis- 
tatin could promote fibroblast proliferation on soft matrix^°. Cyto D 
was reported to have a tissue-specific function by promoting cell 
survival in serum-starved fibroblast, but not mesangial cells, by 
activation of gelatinase A^\ In a recent report, total gelatinase activity 
was increased in C2C12 cells, but not in fibroblasts, under mech- 
anical stretch^^. Our results indicate that the extracellular physical 
factors play important roles in regulating cell behavior, in a tissue- 
specific manner. Tissue- specific cellular microenvironment should 
be considered in the future study of mechanotransduction. 

To further investigate how actin cytoskeleton responds to mech- 
anical stretch in a cellular geometrical dependent manner, we trans - 
fected C2C12 cells with the plasmid that encodes Lifeact-mcherry, 
which was reported to bind to F-actin and have few interference on 
its normal function^^'^^. We investigated two kinds of actin filaments: 
peripheral and central F-actin, as they were reported to be regulated 
by different mechanisms^^'^^. We found that thinner cells had higher 
stability of peripheral F-actin than wider ones, even given the same 
areas (Figure 3, A, C). It was very interesting that the peripheral actin 
filaments in the cells of different geometries had different mechanical 
properties even they had the same lengths. For example, among the 
three geometries in the 50-|im length group, or the two in the 100- 
jim group, 10-|im width was the best one that rendered C2C12 cells 
the most stable peripheral F-actin. This confirmed again the results 
of viability assay (Figure 2) that thinner C2C12 cells have not only 
higher viability but also more stable peripheral F-actin. 

The result of central F-actin in wider (20 and 40-|im width) C2C12 
cells are consistent with the reports that uniaxial mechanical stretch 
induces actin filaments reassemble and align along the perpendicular 
direction of stretch^^"^\ However, it is very interesting that the nar- 
row 10-|im geometry can force actin filaments to reassemble, but on 
the contrary, along the direction of stretch (Figure 3, D and E). The 
regulating role of cell shape on F-actin alignment is well illustrated in 
the C2C12 cells of 10 X 100 and 20 X 50, even though they have the 
same spreading area (Figure 4). The realignment process happened 
in 10 min, indicating the fast response of myoblasts to extracellular 
physical microenvironment (Figure 4). 

The peripheral and central actin filaments were reported to be 
regulated by different molecular pathways: the peripheral F-actin 
mainly depends on myosin light chain kinase (MLCK), while central 
F-actin was mainly dependent on Rho-kinase^°'^^. Lee et al. applied 
cyclic uniaxial stretch to the cells treated with Rho -kinase inhibitor 
Y27632 and found that central F-actin disappeared and there was 
thick peripheral F-actin after stretch^°. On the contrary, inhibiting 
MLCK by ML-7 led to disappearance of peripheral F-actin and 
formation of central F-actin parallel to the stretching direction^°. 
In our experiment, thinner cells have higher stability of peripheral 
F-actin, which is similar to the effect of Rho-kinase inhibitor; the 
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geometry of 10 X 100 can also induce parallel central F-actin forma- 
tion along the stretching direction, which is similar to the effect of 
MLCK inhibitor^°. Further study is needed to investigate the rela- 
tionship between cell geometry and the activities of Rho-kinase and 
MLCK under stretch. 

Here we studied the actin cytoskeleton dynamics under geomet- 
rical and mechanical regulation from the 2D view. However, the 
actin cytoskeleton has a 3D architecture, which can form dorsal 
and ventral F-actin and transverse arcs^^. More importantly, F-actin 
can form a perinuclear cap around the nucleus, which directly reg- 
ulates nuclear shape and plays important roles in mechanotransduc- 
^^Qj^3o,3i,43 Further studies are needed to investigate the 3D dynamics 
of actin cytoskeleton under geometrical and mechanical stimuli. 
Focal adhesions mediate the cell-extracellular matrix (ECM) inter- 
action and transduce forces between each other^^'^^. It is also very 
interesting to study the dynamics of focal adhesions in this geomet- 
rical and mechanical system. For this purpose, a better patterning 
method for controlling ligands density on soft membranes should be 
developed. 

In summary, we, for the first time, presented the experimental 
evidence that the elongated geometry can render myoblast C2C12 
cells optimal viability under stretch and the most stable actin fila- 
ments parallel to the direction of stretch, which are the prerequisites 
for the normal functions of muscle cells. In the in vivo microenviron- 
ment of skeletal muscle, myoblasts reside in a compact space full of 
mechanical stretch, where they have to take the elongated shape 
along the stretching direction, so that they can first survive and next 
start the differentiation and fusion processes. The methods provided 
in this report, together with others, will help us understand how a 
single cell is regulated by the microenvironment, which is not only 
meaningful to the basic research of embryo development and mor- 
phogenesis, but also has potential application in tissue engineering 
and regenerative medicine. 

Methods 

Cell culture and transfection. NIH 3T3 and C2C12 cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% fetal bovine 
serum (FBS, Gibco), 1 mM L-glutamine (Gibco), 100 U/ml penicillin (Gibco), and 
100 mg/ml streptomycin (Gibco). Primary HUVECs were isolated from human 
umbilical cords and cultured in Ml 99 (Invitrogen) supplemented with 20% FBS, 
1 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin and 10 ng/ml 
vascular endothelial growth factor (Invitrogen). HUVECs were used between second 
and third passages. All the cells were cultured in a humidified 5% CO2 incubator at 
37°C. C2C12 cells were transfected with the plasmid of Lifeact-mcherry, by the 
reagent of Lipofectamine™ LTX (Invitrogen). The positive cells were sorted by flow 
cytometry (FACS Vantage Diva, Becton, Dickinson and Company, BD). 

Patterning single cells on the stretching device. The patterning method in this paper 
(Fig. 1, C) was modified from the methods of Nelson et al. (2003)^* and Mayer et al. 
(2004)^^. The reversed polydimethylsiloxane (PDMS, Dow Corning, Sylgard 184) 
stamp was made by soft lithography. We made a chamber on the PDMS stamp, added 
agarose powder (N605, Amresco) and distilled water in the chamber to the final 
agarose concentration of 8% and sterilized it at 121°C for 20 min in an autoclave. 
When taken out of the autoclave, the agarose solution cooled down and gelated at 
room temperature naturally. We obtained the agarose stamp after gently peeling the 
agarose gel off the reversed PDMS stamp. The agarose stamp was cut to a proper size, 
incubated with 50 |ig/ml fibronectin (FN, BD) solution in phosphate buffered saline 
(PBS) for about 5 min, allowed to dry naturally and printed on the PDMS membrane 
of the stretching device, which was pretreated with air plasma (Weike, PDC-MG). 
After about 5 min of conformal contact, we peeled off the agarose stamp and blocked 
the substrate with 0.2% Pluronic F127 (Invitrogen) solution in PBS for at least 1 h, 
before seeding cells (Fig. 1, C). 

Application of mechanical stretch. The cells were cultured overnight and then 
stimulated by 30% uniaxial stretch at the frequency of 0.5 Hz along the major axes of 
the cells for 10 min. In the experiments of viability, we added propidium iodide (PI, 
Invitrogen) to the culture medium with the final concentration of 4 |iM to identify the 
dead cells. PI was in the culture medium throughout the stretch experiments. In the 
experiments of inhibiting the tension of F-actin, the cells were treated with 50 |iM 
blebbistatin (Sigma) and 1 [lM Cyto D (Sigma) for 1 h before stretch. The inhibiting 
reagents remained in the culture medium throughout the stretch experiments. In the 
experiments of real-time F-actin dynamics of C2C12 cells, the culture medium was 
changed to DMEM containing no phenol red (Invitrogen) with 5% FBS at 37°C before 
stretch. 



Microscopy and data analysis. The cells were viewed on a Leica DMI6000 inverted 
microscope with a 63X oil objective for cell viability experiment and an Olympus 
FVIOOO confocal microscope with a 63X oil objective for F-actin imaging. The 
objective stage of the microscope was warmed to 37°C during experiments. The 
calibration was done in each device after the stretch. The data were collected from the 
devices which had the stretch magnitudes of 30 ± 3%. Data analysis was performed by 
Adobe Photoshop, Adobe Illustrator, Image Pro Plus and Origin. In the experiments 
of viability, we captured the images of the cells at two time points: — 10 and 0 min, as 
control before applying stretch, applied cyclic uniaxial stretch for 10 min, and 
captured the images of the cells after stretch. For each type of the cell on each 
geometry, there were 3 repeats of stretching, at least 10 cells for each repeat, except 
that there were at least 5 cells for each repeat of 10 X 300, and a total cell number of at 
least 10 cells for C2C12 cells of 10 X 400. Results were expressed as mean ± SD. 
Student's f-test was used to compare two groups. * and # indicate significant 
difference of P < 0.05. ** and ## indicate significant difference of P < 0.01. In the 
experiments of real-time F-actin dynamics of C2C12 cells, the total cell number was at 
least 20 for each shape. We captured the images of F-actin at — 10 and 0 min as 
control before stretch, and after 1, 3 and 10 min of stretch. 
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